We have used coherent anti-Stokes Raman scattering spectroscopy to resolve the Raman Q-branch line [Q(2) at 2987.18 cm-'] of dueterium gas contained in a 60-grm-diameter glass sphere. The 60-,pm spheres contained only 10+13 molecules at standard temperature and pressure; this made it possible to study gases that in larger quantities would be too dangerous or expensive to use.
advantages are spectral resolution limited ultimately by the laser bandwidth, a signal generated in a spectral region largely free of fluorescence, and the ability to probe small volumes. In this Letter we concentrate on the last-named of these advantages: the ability to make measurements in small volumes.
CARS can probe small volumes in either of two ways:
the volume containing the nonlinear medium can be small or the anti-Stokes signal can be generated in a small volume by focusing. In the latter case the nonlinear driving polarization rapidly falls to zero outside this resolved volume because of beam geometry (i.e., crossed beams or tight focusing in the collinear beam arrangement). In this Letter we concentrate on the topic of CARS measurements in small sample volumes after briefly considering high spatial resolution. High spatial resolution can be achieved with the CARS technique either by crossing the pump and Stokes beams or, in the collinear geometry, by tight focusing. The ability to make measurements in small volumes and the ability to make high-spatial-resolution measurements are related because, all other things being equal, the signal from a small sample is larger if the sample volume is resolved than if the sample volume is not resolved. This is because the nonlinear driving polarization must be large throughout the small sample volume if it is to generate a large signal. High spatial resolution and small sample volume are connected in that large signals can be expected from measurements in small volumes only if high spatial resolution is maintained.
There are several good reasons to perform gas-phase CARS spectroscopy with the sample contained in a small glass sphere. Because the volume of the sphere is so small, slightly over 10-7 cm 3 , chemically toxic, radioactive, or expensive gases can be studied in such minute quantities that their study becomes both safe and inexpensive. The technique is safe because the amount of gas in the sphere is so small that even if the gas were released into the laboratory it would pose no health hazard. It is inexpensive because the difficulties of building an experiment in which no gas can escape are removed and the amount of gas needed to fill the sphere is small enough that the price for even the most expensive gas is low.
For example, a person could inhale the contents of a 60-Mm sphere filled with 1 atm of hydrogen cyanide without being harmed. In fact, the dosage of hydrogen cyanide would be many orders of magnitude below the accepted safe levels. 6 A given gas would need to have a toxic concentration in the parts-per-billion range before the substances contained in the pellet would be hazardous. Similarly, radioactive gases can be contained in the small spheres. Like the toxic gases, their small total numbers render their radioactive emissions safe. Table  1 lists several nuclear species that can be substituted for nonradioactive atoms in spectroscopically interesting molecules. The table lists their half-lives, the harmful dose rate in microcuries, and the pressure in atmospheres to which a 60-ym-diameter sphere can be filled without exceeding safe radiation levels.
As Table 1 shows, several radioactive species can be studied over a wide range of pressures by using the CARS technique and the small glass spheres to hold the sample gas.
The experimental arrangement shown in Fig. 1(a) consisted of a 4-W single-axial-mode argon-ion laser combined on a dichroic mirror with a 100-mW single- (1) The fill pressure in the cell was estimated to be 55 atm. The total line shape, including the collisional linewidth A4( JCj1 1 , is given by (2) where each line in the Q branch is weighted by the total degeneracy I(2J + 1) and the relative population of the ground state is given by wi = I(2J + 1)exp[-Bo(J + 1)/kT]. The nuclear-spin degeneracy I equals 6 for even J and 3 for odd J for D 2 . Here Bo is the rotational constant of the vibrational ground state and T is the rotational temperature. The nonresonant-background electric susceptibility XNR is real. Because the experiment was performed in the collinear-beam geometry, part of the nonresonant susceptibility may be due to the susceptibility of the glass sphere containing the deuterium gas. Figure 2 shows a CARS spectrum of deuterium gas contained in a 60-yim-diameter glass sphere. The solid curve is a theoretical fit to the data using the line-shape theory of Henesian, including five rotational lines populated according to Boltzmann's law at room temperature. The experimental data were fitted with a nonlinear least-squares fitting routine by varying the pressure and the nonresonant susceptibility and using the several pressure-broadening coefficients for the various rotational levels. The complex Voigt integral was calculated with the algorithm of Gautschi. 8 The pressure that produced the best fit was 73 atm. The measurements that we have demonstrated for deuterium can, in the future, be accomplished on DT, TT, and HT.
We have shown that CARS spectroscopy can be extended into the area of the spectroscopy of hazardous materials through the use of small-volume sample containers. Existing CARS spectrometers can be easily and inexpensively modified to accept the small spherical glass cells.
